Abstract: Seedlings and adults of Hypericum perforatum L., common St. John's wort, were grown together in an experiment of factorial design, where the presence of root competition and arbuscular mycorrhizal inoculation were used as treatments. There was moderate shoot competition, the intensity of which was not manipulated. To check the response of plants to arbuscular mycorrhiza in noncompetitive conditions, adults and seedlings were also grown singly in pots. Single individuals of seedlings and adults responded positively to mycorrhizal inoculation, with the response of seedlings significantly greater. In the competition experiment the positive effect of mycorrhizal colonization on seedling growth vanished, since with root competition, both mycorrhizal and nonmycorrhizal seedlings were of the same size. Without root competition, the shoots of mycorrhizal adults were much larger than of nonmycorrhizal adults, but under root competition the shoot weight did not differ. Arbuscular mycorrhiza increased the biomass differences between competing seedlings and adults. We did not confirm our hypothesis that mycorrhiza makes competition between seedlings and adults more balanced because of the stronger positive response of seedlings to inoculation. The positive effect of arbuscular mycorrhizae on growth vanishes in more crowded conditions. It was concluded that if mycorrhizal inoculation has age-specific positive effect of seedlings in field conditions, it is more probably due to higher tolerance to abiotic stress than due to higher competitive ability of seedlings.
Introduction
The influence of arbuscular mycorrhizal (AM) fungal infection on a single plant has been quite well investigated by now. It is generally accepted that AM benefits host plants by promoting a more efficient acquisition of mineral nutrients, mostly phosphorus (Harley and Smith 1983) and nitrogen (e.g., Ames et al. 1984; Smith et al. 1986; Barea et al. 1989; Johansen et al. 1994 ) from the soil. Also, AM symbiosis may improve defense against herbivores (Gange and West 1994) , enhance the acquisition of water, and increase a plant's resistance to pathogens (Newsham et al. 1995) . The cost of the advantage is the carbon flow from plant to fungus. However, certain environmental conditions such as low light, low temperature, and high phosphate level (Smith and Smith 1996) may produce negative growth responses to mycorrhiza in plants resulting from too large a carbon cost under these circumstances.
However, in nature, plants grow in mono-or multi-specific stands and interact in many ways: compete for soil resources, for space, or even for resources of fungal inoculum. There are only a handful of studies that have attempted to ascertain the joint effects of competition (a negative interaction) and AM (in most of cases a positive interaction) on plant population dynamics and plant species coexistence (Zobel et al. 1997) . In previous experiments, it has been shown that the positive effect of AM on the mass of a mycorrhizal plant will disappear when plants compete in even-aged monospecific stands. The cost of being mycorrhizal increases as plant density increases, while the benefit decreases (Allsopp and Stock 1992; Hartnett et al. 1993; Shumway and Koide 1995) , although AM may still increase plant fecundity. When studying plants of different age, Eissenstat and Newman (1990) found that AM did not alter markedly the competitive balance between conspecific individuals. However, in their experiment, plant density was low, and competition for light was weak or altogether absent. Moora and Zobel (1996) found that AM made the competition between conspecific adults and seedlings more unbalanced (biomass differences increased). This experiment was set apart by a relatively high level of soil phosphorus.
Plant size might have a great influence on competitive ability (Goldberg 1987) . In natural communities, seedling establishment often takes place near larger plants, and competition is considered to be a major factor limiting seedling establishment in grasslands (Goldberg and Werner 1983) . In these conditions, AM infection may develop rather quickly (Fitter and Nichols 1988) , and the early integration of the seedling into the mycelial network would provide the plant with an absorptive surface at a relatively low energy cost (Read 1991; Francis and Read 1994) . Thus, one can conclude that if AM enhances the establishment of seedlings and increases their mass, it will also influence their competitive ability and will make competition between seedlings and adults more balanced. Since the results of previous experiments conducted with plants of different age are contradictory and the setup of experiments did not fully follow the ecological situation in low-productivity European calcareous grasslands (small plant density in Eissenstat and Newman 1990, relatively high soil phosphorous content in Moora and Zobel 1996) , the question of the role of AM in seedling establishment in conspecific stands still remains open.
Both greenhouse (Wilson 1988; Weiner 1990; Aerts et al. 1991) and field experiments (Tilman and Wedin 1991; Wilson and Tilman 1993; Belcher et al. 1995; Gerry and Wilson 1995) have shown that in grassland root competition is usually the more important source of a reduction in biomass than shoot competition. We were interested in testing whether mycorrhizal seedlings are better root competitors than nonmycorrhizal ones. For this, we grew seedlings of Hypericum perforatum L. (Hyperiaceae), common St. John's wort, in a monospecific stand, where both shoot and root competition were present. Because of the low mobility of phosphorus in the soil, especially in the presence of an abundance of calcium, phosphorus is important for determining early seedling growth (Fenner and Lee 1989) , we hypothesized that AM symbiosis makes root competition between adults and seedlings in nutrient (phosphorus) poor soil conditions (where relatively greater mycorrhizal dependency is expected) more balanced. In this case, weight differences between seedlings and adults, which compete for nutrients, are expected to be smaller when plants are mycorrhizal.
Materials and methods
Hypericum perforatum, a rhizomatous, polycarpic perennial with erect shoots, was used in a greenhouse experiment. Hypericum perforatum is a common subordinate arbuscular mycorrhizal plant species in the species-rich calcareous grasslands of Estonia, with average AM fungal root colonization in mid-July 1994 of 90% (unpublished data). Seeds of H. perforatum were collected from a calcareous grassland in western Estonia in August and preserved in a refrigerator (at 2 ± 1°C) to break seed dormancy before the start of experimentation.
The soil used in experimental pots was one part steam-sterilized horticultural peat (pH 5.5) and two parts sterilized fine sand. The resulting mixture contained approximately 8.9 mg/kg extractable P. Pots were watered two to three times per week, so the soil was kept relatively dry to simulate natural conditions.
Competition experiment
Three large plants (about 7 weeks old, mean dry weight 0.067 g, hereafter called adults) and three young plants (about 1 week old, mean dry weight 0.005 g, hereafter called seedlings) were transplanted into one 4 × 13 × 18 cm (depth × width × length) pot. Plants were arranged alternatively into the two rows so that both age-classes had two corner and one central position.
Both shoot and root competition occurred between the plants of H. perforatum in the pots. In half of the pots, roots were separated with 41-µm nylon mesh bags (4 cm depth and 9 cm diameter) to prevent root competition. This mesh can be penetrated by AM hyphae but not by plant roots (see Jakobsen 1994) . Both competition treatments were repeated in two variants: plants were arbuscular mycorrhizal or nonmycorrhizal. Thus, four different competition treatments resulted. All treatments were represented by 30 replicates.
In addition to competing through the exploitation of shared resources, plants may also compete by interference, which most likely takes the form of suppression by allelochemicals (Crawley 1997) . Though the only work we know about H. perforatum (Clark 1953) claims that root exudates had no allelopathic effect, we cannot fully exclude this possibility in the present experiment.
To determine the mycorrhizal dependency of the H. perforatum at the given soil conditions, single controls (both seedlings and adults) were grown alone in 4 × 13 × 18 cm pots. To check the effect of the root bag (identical to that used in competition experiment), single mycorrhizal and nonmycorrhizal plants of both age-classes were grown singly with and without bags. All treatments were represented by 15 replicates.
Plants were grown in the greenhouse in full light (daylength 16 h) for 65 days. The above-and below-ground parts of all plants were harvested, dried at 85°C for 24 h, and weighed. The former is referred to as shoot weight, and the latter, as root weight.
AM inoculation
Typically, so-called soil inoculation, where natural soil with root pieces, hyphal fragments, and spores is added to pots (Hayman et al. 1981) , is used for greenhouse experiments. However, the most rapid infection occurs in the presence of living extramatrical hyphae (Eissenstat and Newman 1990). Because of this, for 2 weeks before the experiment, mycorrhizal adult plants were grown in the same pot with a naturally AM infected conspecific neighbour. After these 2 weeks, there was still no biomass difference between mycorrhizal and nonmycorrhizal adults. At the beginning of a competition experiment, the soil originating from the same calcareous grassland from which the seeds of experimental plants were collected was added to pots (20 cm 3 ). The nonmycorrhizal treatment received the same amount of natural soil but was treated once with fungicide benomyl (Benlate, 0.6 g per pot) and once with iprodione (Rovral, 0.04 mL per pot) during the experiment. Benomyl has been claimed to be efficient in eliminating AM (Fitter and Nichols 1988) and has no direct effect on vascular plants (Paul et al. 1989; West et al. 1993) . However, because of uncertainties about benomyl's selective effect on zygomycetes (see Summerbell 1988) , iprodione was also used, following Gange et al. (1990) and West et al. (1993) . We avoided the use of fumigated soil because of changes in nutrient availability (Jakobsen 1994) . Other soil microorganisms were not controlled. The species of AM fungi were not determined.
Root samples were taken at the end of competition experiment from each individual in five pots of inoculated treatment and from three fungicide-treated pots; percentage of AM fungal colonization was estimated on the basis of thirty to fifty 1 cm long root segments. To quantify AM infection, roots were stained according to Koske and Gemma (1989) , and the percentage of colonized root segments was determined (Rajapakse and Miller 1992) .
Data analysis
Since the root bag may have an effect on the mass of plants, we calculated the coefficient of the bag effect (BEC) using weight data from the experiment of growing plants singly: BEC = mass of a plant without root bag/mean mass of the plants with root bag AM-inoculated and nonmycorrhizal seedlings and adults had different values of BEC. All biomass data from the competition experiment were weighted by the proper BEC before the statistical analysis. The mean biomass was calculated on the basis of three even-aged plants for each pot prior to statistical analysis.
For statistical analysis of the log-transformed plant biomass data the standard procedures of three-way ANOVA (SYSTAT) with age with two levels, root competition with two levels, and AM inoculation with two levels were used. For analysis of biomass of singly growing plants, AM inoculation with two levels, plant age with two levels, and root bag with two levels were used. For total biomass data of pot, AM inoculation and competition factors with two levels were used in the standard procedure of two-way ANOVA.
To estimate the degree of difference between different treatments the Tukey HSD multiple comparison test was used.
Results

AM fungal colonization of roots
The colonization of the roots of experimental plants by AM fungi was successful; all sampled plants in mycorrhizal variants were infected. Average colonization levels were 43-46% in the case of seedlings and 45-48% in the case of adults. The fungicide treatment was efficient, practically all treated plants were noninfected. There were no statistically significant differences in the root colonization rates between different competition treatments.
Single control plants
Absence of AM reduced total mass and increased shoot to root ratio of H. perforatum (P < 0.001) (Fig. 1) . The root bag decreased total mass and increased shoot to root ratio (P < 0.001). The presence of root bag had no effect on mycorrhizal or nonmycorrhizal adults and seedlings (P > 0.05). AM inoculation had a differential effect on the total mass of the adults and seedlings. The relative increase of biomass due to AM inoculation was larger in the case of seedlings, compared with adults (P < 0.001). There was a significant three-way interaction between AM inoculation, plant age, and root bag on total mass (P < 0.002). The negative effect of the root bag was more evident in the case of seedlings, when plants were nonmycorrhizal, and in the case of adults when plants were mycorrhizal.
Competition experiment
In the competition experiment, shoot, root, and total mass decreased, and shoot to root ratio increased significantly (Table 1) for all plants subjected to root competition. AM inoculation increased shoot, root, and total mass and the shoot to root ratio of all plants (Table 1) . Interactions between root competition and AM inoculation were never significant. Plant age interacted significantly with root competition, which had a stronger negative effect on the shoot, root, and total growth of seedlings (Fig. 2) . The mass of adults decreased relatively less because of root competition. In the presence of root competition, the increase of the shoot to root ratio was more evident in the case of seedlings (Fig. 2) . The interaction of AM inoculation and plant age was significant; mycorrhizae increased the shoot, root, and total mass and shoot to root ratio of adults. In seedlings there were no significant increases.
In seedlings, root competition decreased the shoot mass of nonmycorrhizal plants, while in mycorrhizal seedlings the negative effect was nonsignificant (Table 1, Fig. 2 ). When the root and total mass was considered, root competition decreased the biomass of seedlings despite their mycorrhizal status. When adults were considered, root competition statistically significantly decreased shoot mass of mycorrhizal plants, while shoots of nonmycorrhizal plants did not react. Root and total mass were decreased by root competition in both mycorrhizal treatments. Shoot to root ratio of seedlings increased more because of root competition when they were mycorrhizal. Shoot to root ratio of adults increased more because of root competition when plants were nonmycorrhizal. The total biomass per pot (i.e., the sum of all six plants) was significantly larger when there was no root competition (P < 0.001). When mycorrhizal and nonmycorrhizal pots were considered separately, it became evident that, in the case of mycorrhizal plants, the decrease due to root competition was significant (P < 0.001), while in the case of nonmycorrhizal plants it was still evident but nonsignificant (P > 0.05).
Discussion
Hypericum perforatum showed clear positive mycorrhizal dependency in terms of increased biomass when grown singly in the experimental pots. The positive influence of AM on biomass decreased as plants aged. Thus, seedlings gained more from the symbiosis with AM fungi than adults. This is in accordance with the expectation that mycorrhizal symbiosis is more evident in the seedling stage (e.g., Francis and Read 1994) . The better growth of the mycorrhizal seedlings with a root bag, compared with nonmycorrhizal seedlings in the same conditions, was an indication that extramatrical AM fungal mycelia was functioning as an important nutrient absorber. However, the positive effect vanished when seedlings grew in pots together with three adults, since in contrast to single controls, seedlings no longer showed any positive growth response to AM. In the competition experiment, AM inoculation increased plant biomass, only in the case of adult plants. The only explanation can be that the negative effect of the competition on the seedlings was stronger than the positive effect of the AM inoculation. Consequently, if there exists an agespecific positive effect of AM on seedlings, as claimed by Gange et al. (1993 , see also Read 1991 Francis and Read 1994) , it is more probably not due to the greater growth and thus also better competitive ability (Goldberg 1987 ) of mycorrhizal seedlings, but was rather due to the fact that mycorrhizal seedlings may tolerate harsh environmental conditions better, which may be the main limitation for seedling recruitment in dry grasslands (Ryser 1993) .
Previous experiments have given conflicting results, indicating that competitive ability increases with (Ross and Harper 1972; Gaudet and Keddy 1988; Grace et al. 1992) or is independent of (Newbery and Newman 1978; Wilson 1988; Wilson 1994) initial plant size. In our experiment, there was a significant interaction between root competition and plant age: the biomass of seedlings decreased relatively more because of root competition than the biomass of adults; competition was asymmetric in the sense of Weiner (1990) . Since the reduction of root weight was greater than the reduction of shoot weight, shoot to root ratio also increased. This is not in accordance with the expectation that, when soil resources are scarce, allocation to roots increases (Tilman 1988) . This may be explained by the fact that the carbon allocation pattern should not necessarily reflect other important responses to resource deficiency such as changes in nutrient allocation pattern or changes in overall plant structure (e.g., Olff et al. 1990; Ryser 1996; Fitter 1997) .
According to our working hypothesis, we expected competition to be more balanced when plants are mycorrhizal. Indeed, there was a significant three-way interaction of root competition, AM inoculation, and plant age. The shoot mass of mycorrhizal seedlings did not decrease because of root competition, while in the case of nonmycorrhizal seedlings the decrease was significant. In turn, the shoot mass of adults did not decrease because of root competition when plants were nonmycorrhizal, but in the case of mycorrhizal plants the decrease was significant. However, it is not easy to say whether AM definitely had an effect on the balance of competition between adults and seedlings. On one hand, AM made competition more balanced, since, when situations with and without root competition are compared, the size difference between seedlings and adults decreased because of competition in the mycorrhizal case and increased in the nonmycorrhizal case. However, the absolute size difference between seedlings and adults was always larger when plants were mycorrhizal. Thus, we have to reject the working hypothesis that weight differences between seedlings and adults, which compete for nutrients, are smaller when plants are mycorrhizal. In this respect, AM made root competition more unbalanced. If we assume that the final biomass of plants indicates their competitive response (sensu Goldberg and Landa 1991) , one can say that mycorrhizal status did not change the response of seedlings, but increased the competitive response (i.e., caused a relatively larger loss of biomass) of adults.
The last result is in agreement with previous experiments. Allsopp and Stock (1992) and Hartnett et al. (1993) from greenhouse, and Shumway and Koide (1995) from field experiments reported that AM increased the intensity of intraspecific competition. However, these authors worked with plants of the same age. Moora and Zobel (1996) found that AM increased the weight differences between the seedlings and adults of Prunella vulgaris L., which is also a strongly positively mycorrhiza dependent species like H. perforatum in this experiment.
Earlier explanations of the effect of AM on the balance of plant competition considered the possibility of interplant carbon transfer, which was assumed to occur along a carbohydrate concentration gradient (Grime et al. 1987 ). Though we did not measure interplant carbon transfer directly, our results did not give any indirect evidence for its occurrence. When root competition was eliminated by a nylon mesh, AM hyphae were still able to penetrate the mesh and carbon translocation was potentially possible. In the mycorrhizal case, adults were much larger than in the nonmycorrhizal case, but seedlings were significantly smaller than in the nonmycorrhizal case. If carbon transfer from well-illuminated adults to shaded seedlings did occur, one would expect the opposite: larger seedlings and smaller adults in the mycorrhizal case.
The competitive effect of adult plants is positively dependent on plant biomass (Goldberg 1987; Wilson 1994) , while the competitive response may be smaller when their biomass is larger (McLellan et al. 1997) . If AM increases the plant mass, one may expect that it also effects competitive ability. Since AM root infection takes place at an early stage of seedling development, and AM mycelia provide the plant with an enormous increase in absorptive surface at a low energy cost, it has been seen to be of potentially profound importance for the recruitment of seedlings and thus also for the community as a whole (Fitter and Nichols 1988; Read and Birch 1988; Finlay and Söderström 1989; Read 1991) . Since in our experiment the positive effect of AM on seedling biomass vanished in crowded conditions, the possible age-specific positive effect on seedlings in field conditions is more probably due to a higher tolerance of abiotic stress than the higher competitive ability of seedlings.
